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The unusual coexistence of spontaneous electric polarization with low-dimensional magnetic ordering observed in hexagonal manganites, h-RMnO 3 , has triggered intensive studies and explorations of multiferroic materials. 1 An important parameter in these materials is the coupling strength between electric polarization and magnetization, which enables the control of electric ͑magnetic͒ properties by applied magnetic ͑electric͒ fields. 2, 3 The magnetoelectric coupling in YMnO 3 gives rise to clamping of ferroelectric and antiferromagnetic domains observed in nonlinear dielectric susceptibility measurements, the anomalies of the dielectric constant at magnetic transitions, [4] [5] [6] and the strong scattering of acoustic phonons by magnetic fluctuations observed in thermal conductivity measurements. 7 YMnO 3 belongs to the class of h-RMnO 3 compounds with R denoting a small-radius rare-earth ion from Ho to Lu and Y. Hexagonal manganites become ferroelectric at T C Ϸ 900 K with the spontaneous polarization occurring along the c direction. Although exchange interactions between the magnetic Mn 3+ ions are relatively strong, as implied by the high Curie-Weiss temperatures around 700 K, 5 the antiferromagnetic ordering of Mn 3+ spins with triangular structure in these materials generally occurs in both polycrystal 8 and single-crystal 9 samples at a much lower temperature of T N Ϸ 70 K. This is partly a consequence of the quasi-twodimensional magnetic structure of h-RMnO 3 where Mn spins form weakly coupled layers in the ab basal plane. Further, each layer has a triangular structure, in which the nearestneighbor spins are coupled antiferromagnetically, resulting in magnetic frustration of both intra-and interlayer exchange interactions.
The coupling between electric and magnetic phenomena in these materials is not very strong, which is related to different origins of ferroelectricity and magnetism and the resulting large difference between the ferroelectric and spin ordering temperatures. In this respect, hexagonal manganites are very different from orthorhombic RMnO 3 compounds, where ferroelectricity is induced by magnetic ordering. [10] [11] [12] In this paper, we report the strong enhancement of the magnetoelectric coupling observed in Ga-doped h-YMnO 3 . A previous study showed that Ga doping does not strongly affect ferroelectricity in YMnO 3 : the ferroelectric transition temperature only slightly increases upon Ga substitution. 13 Here, we show that the effect of the substitution on the magnetoelectric coupling is much more dramatic. In ferroelectric antiferromagnets, one should distinguish between the coupling of the electric polarization P to the Néel order parameter L, which gives rise to an anomaly of the dielectric susceptibility at the magnetic transition, and the coupling of P to the uniform magnetic field H, which gives rise to magnetocapacitance. While the former coupling is not strongly affected by Ga substitution, the coupling of the electric polarization along the c direction to a uniform magnetic field increases by two orders of magnitude upon 30% Ga doping. The substitution of nonmagnetic Ga for Mn suppresses the antiferromagnetic ordering by diluting the magnetic system. Therefore, the observed increase of magnetocapacitance is likely related to a change of magnetic ordering upon doping.
Single crystals of YMn 1−x Ga x O 3 with x = 0.0, 0.1, 0.3, and 0.5 were grown using the floating zone technique. The crystallinity of the as-grown rods was checked by Laue diffraction. Single-crystal x-ray diffraction was carried out using an APEX Bruker, equipped with a charge-coupled device detector at 296 and 100 K. The data were refined using SHELXL, yielding Ga concentrations of x = 0.0, 0.1, 0.28, and 0.51, which are close to the nominal compositions. We will use the refinement results at 100 K, which have better resolution than those at 296 K. 14 The magnetization was measured on the oriented samples using a superconducting quantum interference device magnetometer ͑MPMS of Quantum Design͒. For the dielectric measurements, the crystals were oriented along the b and c axes ͑denoted as Ќc and ʈ c͒ and cut into a typical cross section of 4 ϫ 3 mm 2 and thickness of 0.5 mm. The surfaces were polished and covered with Ag paste. The electrical contacts were made using Pt wire connected to the surface by additional Ag paste. The capacitance was measured using an Andeen-Hagerling AH2500A capacitance bridge operating at a fixed frequency of 1 kHz for H in the range ഛ8 T. For the high-field measurement in the range of H ഛ 14 T, the electric contacts were made by copper wire with indium paste using ultrasonic method, while the capacitance was measured by an Agilent AG4284A LCR meter. The samples were mounted on a homemade insert for the PPMS temperature platform of Quantum Design. A systematic check of the amplitude and frequency dependence ruled out any "extrinsic" effects. The dielectric constant was extracted from the capacitance using the sample and/or contact dimensions for x = 0, neglecting edge corrections.
The changes of the lattice parameters with increasing Ga substitution are shown in Fig. 1 . The lattice parameter a decreases whereas c increases monotonically with increasing substitution. 13, 14 This is to be expected because the atomic radius of Ga 3+ ͑0.69 Å͒ is smaller than that of Mn 3+ ͑0.72 Å͒, and Ga ͑d 10 ͒ doping fills the d 3z 2 −r 2 orbital, which is empty for Mn 3+ ions in bipyramidal oxygen coordination. The ferroelectric state of YMnO 3 is usually associated with a shortening and/or elongation of relative distance between O3͑O4͒ and Y1͑Y2͒ along the c axis. 15 As shown in Fig. 1 , the nearest neighbors of Y1͑Y2͒ are not O3͑O4͒, but the apical oxygens O1͑O2͒ of the MnO 5 bipyramids. The largest contribution to the local dipole moments actually originates from the O1͑O2͒ ions, which coordinate Y1 and Y2 as an antiprism. The local dipole moment of the Y1O 6 and Y2O 6 antiprisms decreases slightly ͑Ͻ10% ͒ with Ga substitution.
14 Despite these displacements, the position of Mn/ Ga atom remains close to the barycenter of the bipyramids. 15 We found from our single-crystal refinements no significant change in the tilting and buckling of the MnO 5 bipyramids upon Ga substitution, despite the change induced in the c / a ratio. In addition to the displacements responsible for the ferroelectricity, additional displacements of about 1% were observed in Mn-O3 and the Mn-O4 bond lengths below the magnetic transition. 16, 17 In order to relate the structural changes with the magnetic behavior, we have measured the temperature dependence of the magnetization of Y͑Mn, Ga͒O 3 for H ʈ c and H Ќ c ͑see Fig. 2͒ . The magnetic ordering transitions marked by cusps on the susceptibility curves were clearly observed up to x = 0.3 in a magnetic field applied along the c axis. We further note that for low substitution ͑x = 0.1͒, the magnetic anisotropy and temperature dependence of the susceptibility are similar to those in the undoped compound, 5 whereas for x = 0.3, the magnetic transition is observed only in a magnetic field along the c axis. The Néel temperature decreases from 72 K for x = 0 to 65 K for x = 0.1 and to 35 K for x = 0.3, as shown in Fig. 2 . Also, the magnitude of Curie-Weiss temperature T CW decreases with increasing Ga concentration: T CW = −567 K for x = 0, −547 K for x = 0.1, −531 K for x = 0.3, and −501 K for x = 0.5. The corresponding effective moments per Mn 3+ are 4.93 B for x = 0.0, 4.82 B for x = 0.1, 4.38 B for x = 0.3, and 3.62 B for x = 0.5. Thus, the ratio of ͉T CW ͉ to T N , indicative of frustration in the magnetic structure, increases upon doping. Figure 3 shows the temperature dependence of the capacitance C͑T͒ for ͑a͒ E Ќ c and ͑b͒ E ʈ c. The changes in the capacitance are much larger than those expected from thermal expansion and possible sample size change due to magnetostriction effect, which has been shown to yield less than 0.1% sample size change in rare-earth based antiferromagnets. 18 The observed variation should therefore reflect the temperature dependence of the dielectric constant . The onset of magnetoelectric coupling indicated by the sudden drop of capacitance is clearly observed at the corresponding Néel temperatures up to 30% Ga doping for E Ќ c, but is only barely visible for E ʈ c in the undoped compound. Although the anomalies of dielectric constant at the magnetic transition are not as large as those observed in orthorhombic manganites, the fact that the in-plane dielectric constant displays much more sensitive response to the presence of antiferromagnetic order than the uniform magnetic susceptibility is itself a remarkable property of hexagonal manganites. 19, 20 The inset of Fig. 3 shows the influence of antiferromagnetic order L on , obtained from the capacitance data by subtracting the extrapolated high-temperature data, fitted with C͑T͒ = AT 2 . Assuming that the capacitance anomaly ⌬C ϰ L 2 below the magnetic transition, the magnetic order parameter can be fitted by L͑T͒ = L 0 ͑1−T / T N ͒ ␤ , with ␤ = 0.33, 0.39, and 0.43 for x = 0, 0.1, and 0.3, respectively. These values are reasonably close to ␤ = 0.37 for a threedimensional Heisenberg model. 21 We also note that Ga substitution suppresses the temperature variation of in both orientations, except for ʈ , which undergoes a large increase from x = 0.0 to 0.1. Figure 4 shows the magnetic-field dependence of the capacitance for E Ќ c ͓panel ͑a͔͒ and E ʈ c ͓panel ͑b͔͒, measured for the pure and 30% Ga-substituted crystals at 5 K. In both cases, the capacitance varies quadratically with an applied magnetic field. For x = 0, the anisotropy of the magnetocapacitance is similar to that of the dielectric constant at T N , exhibiting a stronger magnetic-field dependence of Ќ compared to ʈ . This large difference in the in-plane and out-ofplane magnetodielectric response is to a large extent the consequence of the anisotropy of itself, which can be understood by considering thermodynamic potential of a ferroelectric antiferromagnet:
In this equation, the first two terms describe the ferroelectric and magnetic subsystems, the third term denotes the coupling to electric field, the fourth term describes the coupling between the ferroelectric order parameter P and the antiferromagnetic order parameter L with the in-plane and out-ofplane magnetoelectric coupling strengths g Ќ and g ʈ , and the fifth term is the coupling between P and a uniform magnetic field H. Finally, the last term describes the coupling of the antiferromagnet to magnetic field. The ferroelectric subsystem, described by Eq. ͑1͒, has a uniaxial anisotropy, while magnetic anisotropies in Y 1−x Ga x MnO 3 are weak, as shown in Figs. 5͑a͒ and 5͑b͒, respectively. In Fig. 6 , we show the magnetocapacitance and magnetization up to 14 T for x = 0. We notice that the capacitance obeys a quadratic magnetic-field dependence, originating from the P 2 H 2 coupling and corresponding to linear increase of magnetization with increasing field. Figure 5 shows that this behavior changes upon substitution. For x = 0.3, deviations from C͑H͒ϳH 2 and M͑H͒ϳH set in above 4 T. For higher magnetic fields, the magnetization starts to saturate, which is reflected in saturation of the magnetocapacitance. Nevertheless, both systems exhibit little magnetic anisotropy, and thus while the ͑magneto͒capacitance is anisotropic, the magnetization itself is not very sensitive to the direction of the magnetic field.
To first order in the coupling constants, the change of the longitudinal and transversal dielectric susceptibilities ʈ and Ќ in the presence of antiferromagnetic ordering and an applied magnetic field can be written as
Thus, their ratio becomes 
Since for YMnO 3 the dielectric constant Ќ Ӎ 21 ͑transverse to the direction of the spontaneous polarization͒ is significantly larger than the longitudinal dielectric constant ʈ Ӎ 5, the ratio of anomalies at T N is R Ϸ 25g Ќ / g ʈ , while the ratio of magnetocapacitances is R Ϸ 25␥ Ќ / ␥ ʈ . An additional source of magnetoelectric response is the quasi-two-dimensional magnetic structure of YMnO 3 : one expects that g Ќ Ͼ g ʈ and ␥ Ќ Ͼ ␥ ʈ , as these coupling constants scale with the spinexchange couplings in the corresponding directions. Most interestingly, the magnetocapacitance of this material shows a strong dependence on Ga doping. We observe an approximately twofold increase in the transverse magnetoelectric coupling: from ␥ Ќ =−31ϫ 10 −4 T −2 for x =0 to ␥ Ќ =−55·10 −4 T −2 for x = 0.3 ͓see Fig. 4͑a͔͒ . However, a much more pronounced increase of approximately two orders of magnitude is shown in Fig. 4͑b͒ for the coupling along the c axis: from ␥ ʈ =−11ϫ 10 −4 T −2 for x =0 to ␥ ʈ =14ϫ 10 −2 T −2 for x = 0.3 accompanied by a sign reversal of magnetoelectric coupling constant ␥ ʈ . While in the undoped sample ␥ ʈ is comparable to ␥ Ќ and the anisotropy of the magnetocapacitance largely reflects the anisotropy of the dielectric constant ͓see Eq. ͑2͔͒, its value for x = 0.3 doping is clearly two orders of magnitude larger than ␥ Ќ , so that the relative change of capacitance in magnetic field becomes larger for E ʈ c.
The coupling of electric polarization to magnetic field can be mediated by a phonon or a strain. 22 If, for example, P and H are coupled to a lattice distortion of the amplitude u by ⌽ int =−u͑␣P 2 + ␤H 2 ͒, then minimization of the sum of ⌽ int and the lattice energy K . The increase of ␥ upon doping then reflects the increase of the coupling constants ␣ or/and ␤. While our measurements do not allow us to make definite conclusions, the observed enhancement of magnetocapacitance is likely related to an increase of lattice distortion in an applied magnetic field, as the 120°spin state is suppressed by doping.
The magnetoelastic coupling in hexagonal RMnO 3 is known to be rather strong. 20, 23 However, the interlayer spin exchange in the 120°state, sensitive to shifts of ions in the c direction, is strongly frustrated, as each spin is coupled to three spins forming a triangle in a neighboring layer, which add up to zero total spin. Similar temperature dependence of dielectric and magnetic susceptibilities of clean and doped samples shows that at least up to x = 0.3, the spin dilution does not fully suppress magnetic ordering and does not give rise to a spin-glass state, as observed in some other frustrated materials. Rather, the initial quasi-two-dimensional antiferromagnetic order becomes locally suppressed by Ga doping. The dilution of the spin lattice by nonmagnetic ions induces magnetic moments in triangular layers. 24 This increases magnetic susceptibility of the Mn layers and destroys the spin cancellation in triangles. Therefore, the local suppression of the 120°spin ordering relieves the frustration and increases energy of the interlayer interaction, which can, in turn, lead to an enhancement of magnetoelectric coupling in the c direction. The proposed scenario is similar to the mechanism responsible for antiferromagnetic ordering induced by doping in the quasi-one-dimensional spin-Peierls material CuGeO 3 , 25 where the substitution of magnetic Cu by nonmagnetic Zn or Mg breaks spin singlets in Cu chains and gives rise to a three-dimensional spin ordering. 26, 27 A similar enhancement of magnetocapacitance was found in Ti-doped yttrium manganite. 28 That material, however, shows a structural transition induced by Ti doping, whereas YMn 1−x Ga x O 3 remains hexagonal and ferroelectric for all doping concentrations considered, showing that the observed increase of magnetocapacitance in yttrium manganite is largely an effect of Ga substitution on the magnetic ordering.
In conclusion, Ga substitution in YMnO 3 suppresses antiferromagnetic ordering and leads to a strong enhancement of magnetocapacitance, which we ascribe to increased magnetic coupling between layers.
